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Localized surface plasmon resonances (LSPRs) in metal nanoparticles (NPs) deposited on semiconductors can promote absorption, strong optical scattering, and a strongly enhanced optical near-field around the particle [1] . The enhanced optical scattering properties of LSPRs allow for the development of advanced light trapping concepts in the visible-near infrared range, which are relevant in case of photodetectors or photovoltaic devices based on thin films or low The fabrication of metallic NPs organized in ordered arrays on the surface would allow for better NP size and density control and uniformity, in view of a fully scalable and reproducible device engineering approach. Usually metal NPs are prepared over large areas via the simple process of dewetting a thin solid metal film on a flat substrate [5, 6, [13] [14] [15] . Unfortunately, the dewetting process results in metal islands with broad distributions of sizes and spacings. Particles of near-uniform size can be achieved through the use of topographically patterned substrates for the NP assembly [16, 17] . In addition substrate patterning can be used to achieve a controlled positioning of the NPs, thus opening the path to complex design of surface plasma resonances in the more suitable energy ranges for the application in view [13] [14] [15] .
In this letter we show that site-controlled, ordered arrays of embedded metallic NPs can be fabricated on patterned Si substrates, allowing for NP size and density control. The embedded NP growth process has been investigated through a combination of extensive chemical and structural characterization supported by theoretical kinetic Monte Carlo (KMC) simulations. The metal chosen in our approach is Ga. Even if plasmonics research has focused nearly exclusively on Ag and Au NPs, Ga-based plasmonics is gaining an increasing interest, due to the strong design possibility offered by the Ga LSPR. In particular, it has been shown that the LSPR of Ga NPs can be tuned over the wide range of 0.8 to 5.8 eV. This can be achieved by NP diameter control in the 10-300 nm range [18] [19] [20] [21] [22] . In addition, Ga is highly compatible with standard microelectronics processes, and highly controlled deposition Ga methods are widely available.
Our growth procedure for the fabrication of the ordered array of embedded Ga NPs is based on a combination of substrate patterning and droplet epitaxy growth [23, 24] . There are three steps involved in the process: (i) a patterned Si surface is prepared with an ordered array of inverted pyramid pits to provide preferential nucleation sites for the metallic Ga droplets; (ii) metallic Ga droplets are obtained on the patterned Si surface via self-assembly from an atomic beam supplied in a molecular-beam epitaxy (MBE) environment; (iii) the sample is submitted to a short pulse of As to promote the surface crystallization of the Ga droplets, thus producing GaAs islands with metallic Ga cores [25] [26] [27] . The two MBE steps, which decouple Ga and As deposition, are fundamental to this process as they allow for a strong control of the NP placement and a fine control of the transformation of metallic Ga droplets into embedded Ga NPs.
Ga deposited on Si at typical MBE growth temperatures of 300-600°C spontaneously self-assembles into a spatially disordered ensemble of nanoscale droplets, whose density and size can be tuned through Ga adatom flux and substrate temperature [28, 29] . In order to promote Ga droplet ordering on the Si substrate we used a periodically modulated twodimensional inverted pyramid pit patterned substrate which demonstrated the ability to produce almost perfectly ordered arrays of self-assembled islands with high size homogeneity [30] [31] [32] . A two-dimensional pit array with a period of 2 μm, aligned along the <110> directions, was patterned by electron beam lithography (EBL) on a Si(001) substrate. EBL was used to define openings in a SiN x mask, and pits with {111} sidewalls were produced by anisotropic wet etching in tetramethylammonium hydroxide (TMAH) at 80°C for 4 min [33] . The width, and thus, the depth of these pits were determined by size of the openings. For the samples reported in this work, the typical size of the pits after etching was 525 × 525 nm 2 base area for a corresponding depth of 360 nm (figure 1). After the removal of the patterned SiN x film by phosphoric acid, the substrates were cleaned by a standard RCA treatment. The samples were then dipped in a diluted hydrofluoric acid solution to create a hydrogen terminated surface before loading into the MBE system. The substrate temperature was then raised to 780°C for hydrogen desorption, as confirmed by the change in the surface (2 × 1) and (1 × 2) reconstruction observed from reflection high-energy electron diffraction (RHEED). The substrate temperature was then decreased to 510°C and the background As pressure decreased below 10 −9 Torr for the deposition of the Ga. 5 MLs of Ga were deposited at a rate of 0.08 ML s −1 . Finally, the substrate temperature was decreased to 150°C and the As cell valve was opened to 7 × 10 −5 Torr As beam equivalent pressure for 5 min. Figure 1 shows a scanning electron microscopy image of a typical array of fully etched inverted {111} pits on a Si(001) substrate surface before and after MBE growth. Well defined NPs are present at the bottom of each pit. No additional NP are nucleated on the flat areas between the pits or on the sidewalls of the pits. On the flat areas around the pattern the Ga NPs are randomly nucleated. From several similar images, it was found that 80% of the pits contained a Ga NP. The procedure of NP localization therefore demonstrates high reproducibility and reliability.
Ga droplets are nucleated at the bottom of the pit due to the combined action of capillarity and Ga adatom diffusion. As a matter of fact, the force that drives the nucleation of the Ga droplet within the pits is provided by the more efficient decrease, respect to the planar substrates, of the droplet nucleation work that takes place in presence of cavities. This phenomenon takes the name of capillarity condensation [34] . Since the activation energy for nucleation on such sites is considerably lowered, and because the nucleation rate can change drastically by small variations of nucleation work, in practice droplets are formed only at the bottom of the pits, if such cavities are within the diffusion range of the Ga adatoms deposited on the solid flat surface.
Thus, the presence of capillarity condensation effects, while providing the necessary free energy advantage to the Ga adatom system for the nucleation of a droplet at the bottom of the pit, does not per se guarantee the achievement of this goal. Ga droplet nucleation kinetics should be taken into account in order to prevent unwanted droplet nucleation on the flat areas between the pits and on the pit facets. This can be achieved if the average distance between self-assembled Ga droplets is, on Si(001), of the order of the pit spacing and, on Si(111), larger than the pit facet length. Because these data are unavailable in literature, we determined the actual Ga droplet density on the Si(001) and Si(111) flat surfaces with a series of samples in which Ga droplets were deposited at different substrate temperatures in the range 250-600°C, while keeping fixed the Ga flux (5 MLs of Ga at a rate of 0.08 ML s −1 ).
In figure 2 , the droplet density as a function of deposition temperature is reported. Higher substrate temperatures lead to a lower areal density of larger droplets. The temperature dependence follows an exponential law, as expected by activated diffusion and nucleation processes [35] , with an activation energy E a (001) = 0.50 eV and E a (111) = 0.76 eV, for Si (001) and Si(111), respectively.
The reported droplet density activation energies well compare with what reported for Ga on GaAs substrate deposition, where E a (111) > E a (001) was also observed [36] . However, on the contrary of what we see in Ga/Si, in the Ga/ GaAs system the (111) substrates show a higher droplet density, respect to (001) in the whole growth temperature range [36] . Such difference should be traced in the droplet density and density activation energies dependence on the details of Ga diffusion and Ga droplet nucleation dynamics (critical nucleus size, energy and thermal stability) [35, 37] which are expected to differ in the two systems.
The pit pitch of 2.0 μm, thus requiring a density of droplets of 2.5 × 10 7 cm −2 , sets the deposition temperature above 500°C (see figure 2) . Being the {111} pit facet length around 500 nm, such Ga deposition temperature permits to avoid droplet nucleation on the pit sidewalls too. It is worth mentioning that the pit arrangement (distance, depth, topology) is a fully designable parameter in our approach, thus permitting the fabrication on purpose of the NP array. A change in the pit geometry requires in turn a change in the Ga deposition conditions, which have to be adapted to the new pattern. A change in the Ga droplet size can be obtained by varying the total amount of deposited Ga. The As deposition step transforms the Ga droplets into GaAs islands [24, 28, 29] . Here the As deposition step is performed under growth conditions where only a partial crystallization of the Ga to GaAs at the droplet surface is obtained, so promoting the formation of Ga NP inclusions within a GaAs matrix as recently observed on flat GaAs(001) surfaces [25, 27] . This transforms each Ga droplet nucleated at the bottom of a pit into an embedded Ga NP. We examined the chemical composition of the droplets after the As supply step by x-ray fluorescence (XRF) (beam energy 15.25 keV) at the ID13 beamline of the European Synchrotron Radiation Facility, observing the K emission lines of Ga and As with a Vortex Si drift detector while scanning the nanofocused x-ray beam (width ∼100 nm) over the array of droplets [38] . Figure 3 shows Ga and As Kα and Kβ emission intensities for a NP at the bottom of a pit after As supply. The NPs are much smaller than the attenuation length of the exciting and emitted x-rays (tens of micrometers [39] ) so self-absorption and secondary excitation can be neglected. Thus the average Ga: As ratio within the islands can be directly estimated by considering the ratio of Ga Kα and As Kα emission intensities. Using the cross sections for fluorescence at 15 keV, which are 54.31 cm 2 g −1 for Ga Kα, and 68.57 cm 2 g −1 for As Kα [40] and the density of GaAs according to their relative atomic masses (pure Ga and As are both only slightly denser than GaAs), an As:Ga ratio of approximately 0.2:0.8 was found in the NPs within pits. This clearly shows that the NPs at the bottom of the pits are extremely Ga-rich compared to a stoichiometric composition of Ga and As.
In order to obtain data on the spatial distribution of Ga and As within the NPs, cross-sectional transmission electron microscopy (TEM) was employed to examine the morphology and composition of the NPs at the bottom of the pits. Measurements were performed in a TEM-STEM (scanning-TEM) JEOL 2200 FS machine operated at 200 kV and equipped with a standard energy-dispersive x-ray (EDX) spectrometer. EDX elemental maps were acquired using an STEM spot size of 0.7 nm. The <110> cross sectional specimens were mechanically prepared in a standard way starting from a sandwich containing a piece of sample. For the final thinning an Ar ion beam was used. Figure 4(a) shows the <110> cross sectional STEM image of an NP at the bottom of a pit, obtained by using a HAADF (high angle annular dark field) detector, while Figures 5(b) and (c) show the corresponding EDX maps of the characteristic x-ray Kα emission lines of Ga and As, respectively. EDX maps clearly show that the Ga fills the bottom part of the pit completely, while As is detected only on top of the Ga NP. Quantitative evaluation of the average concentration in the whole area of the As map where the As emission is visible gives 75.45 at% for Ga and 24.55 at% for As. The As and Ga signals are nearly equal only at the top of the NP. A localized exact quantification profile of the Ga and As concentrations within the NP has been obtained by using spectra extracted from the maps at discrete points from narrow areas (size ∼25 nm) along the vertical axis of the pit as shown by the dotted line in figure 4(a) . The results are shown in figure 4(d): at the top of the NP the Ga and As concentrations are 52.4 at% and 47.6 at% respectively, i.e. almost stoichiometric. However, the As concentration drops very quickly on descending into the NP, to a value of only 1.9 at%, and this value in maintained throughout the NP. Therefore, most of the NP is almost pure (98.1 at%) Ga.
XRF and TEM characterization both indicate that a Garich embedded NP is formed in the pit. To clarify the distribution of As in the Ga droplet, the nanostructural evolution of growth on patterned silicon substrates was studied using KMC simulations. The model used was extended from that in [24] , which studied similar growth methods on a GaAs substrate, by incorporating a Si species. Ga and As bonds to Si are set to be nominally small to capture the non-interactions between Si and the other components. The initial surface is a 1 + 1 dimensional inverted silicon pit of dimensions similar to those of the experimental pits. Ga is deposited until the desired thickness is achieved. We observed in KMC simulations a sufficiently large diffusion length of Ga on Si to allow for a Ga droplet to nucleate at the bottom of the pit. The Ga droplet is then exposed to an As flux. Simulations show (figure 5) that this results in a Ga droplet covered by a thin GaAs shell, rather than a fully crystallized GaAs NP.
Reyes et al [26] showed that there are three important processes in the crystallization of Ga droplets under an As overpressure. The first is solidification of the crystal at the vapor-liquid-solid junction, followed by advancement of the solidification front through the droplet. The second process is wicking of the liquid out of the droplet to wet the surface away from the droplet. Both processes are apparent in these simulations. However, due to the choice of bond strengths, the contact angles of the nucleated GaAs cluster on both the Si-vapor and Si-Ga interfaces is large, resulting in only a small amount of wetting of the Si interfaces by GaAs, inhibiting solidification along them. This results in hemispherical growth emanating from clusters in quasi-static growth conditions. The apparent asymmetry of this growth resulting in the formation of a GaAs shell over a metallic core stems from the Mullins-Sekerka instability outlined in Reyes et al. This instability is magnified in the present system due to the influx of As arriving along the Si surface by diffusion. The unstable growth mode implies an accelerated growth of GaAs along the Ga-vapor interface, resulting in the observed GaAs shell.
As a consequence of this nucleation-induced growth mode, incomplete crystallization is naturally favored. Increased As flux promotes more growth at the liquid-vapor interface rather than penetration into the liquid core. Decreased As flux results in a longer time scale for growth, which can allow for the nucleation of GaAs away from the triple-point provided that the incubation time for GaAs nucleation on Si can be realized [41] . Such nucleation sites away from the triple junction can serve to more fully crystallize the droplet or increase the characteristic length scale of the GaAs shell. The droplet may be fully crystallized only if its height is consistent with this length scale. Embedding smaller Ga NPs can be achieved by decreasing the Ga droplet volume and counterbalancing this reduction of length scale with an increase of the As flux during the crystallization process. The KMC results therefore make it possible to introduce a scaling law for the production of embedded NPs of the desired size, thus allowing for a fine tuning of the LSPR to the energy required for the specific application.
In conclusion, we demonstrate the possibility to fabricate uniform, ordered arrays of embedded Ga NPs on Si substrates. The growth process strongly relies on interplay of: (i) the Si substrate patterning, in form of a periodically modulated two dimensional inverted pyramid pit array, in order to promote NP ordering; (ii) the deposition of Ga in an MBE environment in the form of droplets which can be successfully trapped at the bottom of the pits due to the combined effects of capillarity condensation and nucleation kinetics; (iii) the crystallization of the Ga droplets under As flux. The latter, due to the combined effects of pit geometry and direction dependent growth velocities, permits the formation of a GaAs cap confined to the liquid-vapor interface, thus resulting in the embedding of a Ga NP. The patterning process is based on standard nano-lithographic technique, and it therefore fully scalable. The pit arrangement, in terms of topology, pit distance and depth, is fully designable. This permits the fabrication on purpose of arrays which will allow for a fine tuning of the plasmonic properties, thus opening a wide range of design possibilities for absorption enhancement of semiconductors via LSPR-enhanced scattering and internal photoemission strategies. 
